Disturbances are natural features of ecosystems that promote variability in the community and ultimately maintain diversity. Although it is recognized that global change will affect environmental disturbance regimes, our understanding of the community dynamics governing ecosystem recovery and the maintenance of functional diversity in future scenarios is very limited. Here, we use one of the few ecosystems naturally exposed to future scenarios of environmental change to examine disturbance and recovery dynamics. We examine the recovery patterns of marine species from a physical disturbance across different acidification regimes caused by volcanic CO 2 vents. Plots of shallow rocky reef were cleared of all species in areas of ambient, low, and extreme low pH that correspond to near-future and extreme scenarios for ocean acidification. Our results illustrate how acidification decreases the variability of communities, resulting in homogenization and reduced functional diversity at a landscape scale. Whereas the recovery trajectories in ambient pH were highly variable and resulted in a diverse range of assemblages, recovery was more predictable with acidification and consistently resulted in very similar algaldominated assemblages. Furthermore, low pH zones had fewer signs of biological disturbance (primarily sea urchin grazing) and increased recovery rates of the dominant taxa (primarily fleshy algae). Together, our results highlight how environmental change can cause ecosystem simplification via environmentally mediated changes in community dynamics in the near future, with cascading impacts on functional diversity and ecosystem function.
carbonate chemistry | habitat patchiness | resilience | emergent effects | species interaction A lthough there has been significant progress in understanding how environmental change can affect the abundance and distribution of individual species, considerably less is known about the effects on community dynamics and ecosystem function. Disturbance creates spatial and temporal variability in community structure across terrestrial, aquatic, and marine ecosystems (1) (2) (3) , due to the removal of species from a community that allows competitively inferior species to establish and persist. This results in a patchy mosaic of assemblages, thereby maintaining diversity at the landscape scale (4) . Numerous processes influence habitat patchiness, including the frequency and intensity of disturbances and the resilience of the community, which is dependent on resistance (i.e., ability of the assemblage to absorb a disturbance without changing ecosystem function) and recovery (5) . Although substantial research has focused on how environmental change will influence disturbance regimes (3, 6, 7) , a major question remains about how it will affect the community dynamics that govern recovery patterns and ecosystem function (2) .
As environmental conditions change, there is a concern that ecosystems will become more simplified, with reduced spatial variability (8) . Whereas it is readily apparent that species extinctions could contribute to an ecosystem simplification, it is less clear whether the more gradual changes in species performance could lead to the same result (9) . In the ocean, the process of ocean acidification represents a pervasive environmental change that threatens to affect a wide range of species (10) . The absorption of atmospheric CO 2 causes a decrease in seawater pH and carbonate ion concentrations, while increasing CO 2 and bicarbonate ion concentrations (11) . Studies suggest that calcareous species that rely on carbonate ions to build their shells or skeletons of calcium carbonate could suffer reductions in calcification and ultimately abundance in an acidified ocean (10) . Furthermore, studies in naturally acidified ecosystems suggest that acidification can cause an entire reorganization of marine communities (12) (13) (14) (15) , but little is known about the ecological mechanisms underlying these changes and the consequences for ecosystem function.
Similar to other environmental changes, ocean acidification has the potential to affect both the disturbance regime and the recovery of the community. Herbivory is a natural disturbance that can cause habitat patchiness (16) (17) (18) by limiting the abundance of dominant plant species and facilitating the persistence of other species that would be outcompeted and/or overgrown (18, 19) . In marine ecosystems, calcareous invertebrate herbivores, including sea urchins and herbivorous snails, play fundamental roles in structuring communities by creating disturbances (20) (21) (22) (23) and are thought to be some of the most vulnerable species to ocean acidification (10) . Thus, the direct effects of ocean acidification on these grazers could have cascading impacts on disturbance regimes and diversity. Furthermore, ocean acidification may also affect recovery dynamics. Whereas acidification may slow the growth rates of some calcareous species (10) , it may also increase the growth rates of noncalcareous algae due to increased concentrations of the chemical substrates used for photosynthesis (24) . This could potentially alter competitive interactions between calcareous species and fleshy algae by slowing the recovery of calcareous species from disturbance (25) and promoting a shift toward noncalcified, macroalgal-dominated communities (26) (27) (28) (29) .
Recovery patterns, which are influenced by the external environment, recruitment rates, and species interactions (30, 31) , can lend insight into these important community dynamics. Highly variable and idiosyncratic recovery patterns (i.e., contingent succession, sensu ref. 32 ) suggest that recovery is dependent on recruitment patterns and species interactions that vary either spatially and/or temporally (33) . However, strong predictable species interactions can also cause succession to be canalized (32) , in which disturbed assemblages converge on a predictable community over time (30, 31, 34) . This pattern of predictable species interactions and canalized succession could be driven by harsh environmental conditions, such as ocean acidification, in which species that can tolerate or benefit from the extreme conditions are the only species that are able to persist through time (35, 36) . Whereas contingent succession promotes a patchy mosaic landscape, canalized succession promotes a homogenous landscape.
Here, we tested how ocean acidification affects the disturbance regimes and recovery patterns of benthic rocky reef assemblages, which comprise one of the most diverse and spatially complex ecosystems of the Mediterranean (37) . We monitored sea urchin populations and the recovery of permanent plots cleared of all species in three zones that vary in pH and carbonate chemistry surrounding natural volcanic CO 2 vents. These CO 2 vents, found off the coast of Italy, create gradients in pH and carbonate chemistry by releasing predominantly CO 2 with very small amounts of other gases at ambient temperatures and salinities at 2-3 m water depth on either side of a small island, characterized by shallow rocky reef communities (13) . For this experiment, we delineated three pH zones (ambient, low, and extreme low pH) at two sites (north and south sides of the island) (14) . The conditions in the ambient pH zones are comparable to current conditions in the surface waters in the Mediterranean Sea ( Table 1 ). The conditions in the low pH zones are most comparable to nearfuture (i.e., 2100) scenarios, whereas those in the extreme low pH zones correspond to more extreme scenarios based on high CO 2 emissions or the more distant future (e.g., 2500) (38) ( Table 1 ). The two most common sea urchins at this site, Arbacia lixula and Paracentrotus lividus, routinely graze fleshy algae (18, 23, 39) .
We monitored recovery trajectories in the cleared plots for 32 mo by estimating the percent cover of nine key functional groups and bare rock (Table S1) in photos taken at 0, 1, 3, 6, 14, 20, and 32 mo after the initial clearing. Functional groups included: (i) biofilm and filamentous algae, (ii) encrusting fleshy algae, (iii) encrusting calcareous algae (including crustose coralline algae, CCA), (iv) fleshy turf algae, (v) calcareous turf algae, (vi) erect fleshy algae, (vii) erect calcareous algae, (viii) calcified filter feeders, and (ix) sponges. In addition, we compared the community structure in disturbed plots to photos of undisturbed reference plots taken at the time of the initial clearing to estimate recovery. Last, we quantified the abundance and size of A. lixula and P. lividus as well as their signs of grazing (i.e., sea urchin halos) (17) across pH. Our results reveal different recovery patterns among pH zones that result in less spatial and temporal variability [i.e., canalized succession; sensu ref. 32 ) in benthic communities from lower pH conditions. Furthermore, our results suggest that reduced herbivory by sea urchins in low pH and/or faster recovery rates of fleshy algae in acidified conditions could play important roles in driving these differences. Together, our results provide a unique example of how environmentally driven changes in community dynamics could result in more homogenous and predictable assemblages with cascading impacts on functional diversity and ecosystem function.
Results
Following experimental clearings, recovery differed among pH zones. Biofilm/filamentous algae dominated the very early stages of succession in the ambient pH zones ( Fig. 1A) . Along with establishment of calcified filter feeders, CCA, erect fleshy algae, and sponges at relatively low percent cover, there was also a steady increase in the percent cover of fleshy turf algae for the first 3 mo. After 6 mo, however, the percent cover of all functional groups in the ambient pH zones showed high variability among plots (evident in the large error bars at each time point; Fig. S1 ), between sites (evident in the opposing fluctuations in high/low percent cover among the north and south sites in CCA; Fig. 1C ), and among dates at both sites (evident in the sharp The pH and temperature estimates are based on hourly measurements from in situ pH meters taken during separate deployments for N and S sites [N = 604 (north) −3162 (south)]. Total alkalinity (TA) and salinity estimates (mean 38 ppm) are from discrete water samples taken throughout sensor deployments (n = 3-10), and all other carbonate parameters are estimated by assuming constant TA and salinity and applying the mean TA and salinity values to pH and temperature values measured by in situ sensors. Differences in temperature between sites are due to deployment times: early summer (north) and early fall (south). Values are means ± SD. TA, HCO 3 − , CO 3 2− are reported in μmol·kg −1 . peaks of CCA and calcified filter feeder percent cover through time; Fig. 1C and Fig. S1 ).
In the low pH zones, biofilm/filamentous algae, calcified filter feeders, CCA, and fleshy turf algae all became established in the early stages of succession ( Fig. S1 ). Whereas the percent cover of biofilm/filamentous algae decreased steadily until it was nearly absent by 32 mo (Fig. 1A) , turf algae increased steadily throughout the time series ( Fig. 1B) with an exception at the northern site at 6 mo when there was a reduction in cover. This occurred during a period of high percent cover of erect fleshy algae typical during this part of the year (Fig. S1 ). The percent cover of calcified filter feeders and CCA remained around 1%, with minor temporal variability throughout the rest of the time series (Fig. S1 ).
In the extreme low pH, the percent cover of biofilm/filamentous algae increased sharply in the first 1-3 mo of succession and remained high throughout recovery ( Fig. 1A) . All growth forms of fleshy algae (encrusting, turf, and erect) showed increasing trends for the first 3 mo, then moderate variability for the rest of the time series ( Fig. S1 ). Calcareous species were very rarely found in the extreme low pH zones.
These recovery patterns resulted in significantly different communities among pH zones after 32 mo ( Fig. 2 , Table 2 , and Table  S2 ). The differences were primarily due to a higher abundance of calcareous algae in ambient pH versus a higher abundance of fleshy algae in the low pH zones. In contrast, biofilm/filamentous algae and erect fleshy algae dominated the extreme low pH zones. In addition, there is greater variability in the communities in the ambient and extreme low pH zones than those in the low pH ( Fig. 3A and Table S2 ). These patterns reflect those in background communities in each pH zone (Figs. S2 and S3).
We calculated the Spearman correlations between pairs of recovery trajectories to compare the patterns of change irrespective of differences due to community composition (40) . Using this "second-stage analysis" it is apparent that the patterns of community change (i.e., the similarity in communities between successive time steps) differed among pH zones regardless of which functional groups constituted the community (Fig. 3B , Table 2 , and Table S3 ). The recovery in ambient pH was much more variable than in the extreme low and low pH zones ( Fig. 3B and Table 2 ), which both showed consistent changes through time.
The similarity between the community structure of disturbed plots with undisturbed, reference plots from the beginning of the experiment further highlights differences in the recovery dynamics among pH zones. There was a sharp increase in the similarity between disturbed and reference plots in the extreme low pH in the first 3 mo postclearing (Fig. 4A) , indicating a rapid recovery of plots in extreme low pH. In contrast, the similarity between disturbed and reference plots increased more gradually through time in both the low and ambient pH, with more marked temporal variability (Fig. 4A) .
To examine why recovery rates differed among pH zones, we quantified the relative amounts of change in the communities through time. By plotting the disturbed communities through time in a nonmetric multidimensional scaling (nMDS) ordination based on Bray-Curtis (BC) similarities, we were able to calculate the distance traveled in 2D nMDS space of each plot over 32 mo (41) . Because distance represents differences between communities in an nMDS ordination, longer distances traveled represent greater changes in the assemblage over time. This analysis revealed the least amount of community change in extreme low pH (i.e., the shortest distance traveled; Fig. 4B , Table 2, and Table S4 ).
We did not detect differences in the mean abundance or size of A. lixula or P. lividus between the ambient and low pH zones ( Fig. S4 and Table S5 ). However, the number of sea urchin halos in the low pH zones was significantly less than that in the ambient pH zones [ Fig. 5 ; repeated measures (RM)-ANOVA pH F 1,2 = 19.30, P = 0.05] and was not significantly different between sampling dates [RM-ANOVA within subjects test for date F 2,4 = 3.87, Greenhouse-Geisser (GG) adjusted P = 0.17, and date × pH F 2,4 = 2.28, GG adjusted P = 0.27]. No sea urchins and no grazing halos were observed in the extreme low pH zones.
Discussion
Our results reveal how altered community dynamics in conditions representing future environmental scenarios reduce the natural variability in community structure, resulting in more homogeneous and simplified communities. The recovery patterns of benthic assemblages associated with CO 2 vents highlight how the highly variable, contingent recovery patterns that characterize current conditions are more canalized with acidification, The stochastic and variable succession in ambient pH suggests that the recovery patterns are contingent on species interactions (32) . Indeed, the sharp peaks in percent cover of calcified filter feeders and CCA and the corresponding reductions in fleshy algae ( Fig. 1 and Fig. S1 ) were driven by plots near or within sea urchin halos (Fig. S5 ). This suggests sea urchins influenced the variability in succession and community structure in ambient pH plots by grazing fleshy algae and exposing CCA and new substrate for competitively inferior species (23) . Therefore, the wide range of assemblage types in ambient pH was potentially influenced by periodic disturbances (grazing) that resulted in plots being at several different stages of succession.
In contrast, the homogeneity of the low pH assemblages at 32 mo (Fig. 3A ) and the similarity of recovery trajectories in these conditions (Fig. 3B ) reveal more restricted succession in the low pH zones. Our results illustrate how assemblages in acidified conditions representative of near future conditions follow a repeatable pattern of recovery that converges on an overall simplified, turf-dominated community (Fig. S2 ). Coupled with our observations regarding the reduced number of sea urchin halos in low pH, these patterns suggest there is a potential for reduced biotic disturbance and habitat patchiness with acidification.
The greater number of sea urchin halos in the ambient compared with low pH zones also suggests that sea urchins may play a different functional role in acidified conditions. Because sea urchins of similar sizes were regularly present in the low pH zones and consistently found in the same locations over the 3-y period (suggesting that the sea urchins in low pH were semipermanent features of this zone), the most likely mechanisms for the reduction in sea urchin halos include reduced grazing rates due to physiological and behavioral impacts on sea urchins (10) and/or increased growth rates of algae in response to the increased carbon supply (24) . In addition, changes in the nutrient quality or chemistry of the algae could contribute to altered grazing rates or strategies (selective grazing) of sea urchins in low pH. However, an important distinction between the vent ecosystem and future scenarios of ocean acidification is that sea urchin larvae can originate from nonacidified source regions, which would not be the case in an acidified ocean. Thus, if there are bottlenecks in species tolerance to acidification caused by reproduction or larval survival, these effects could be underestimated at the vent site.
There were essentially two assemblage types in extreme low pH: either biofilm/filamentous algae or erect fleshy algae (Fig. 2) . Although this represents a form of habitat patchiness, it differs from the patchy mosaic in ambient pH because it consists of only two very simple and depauperate assemblages. This increased dominance of biofilm/filamentous algae, whose production may be enhanced by acidification (42) , is likely to have repercussions for higher trophic levels because it lacks much of the 3D structure that serves as habitat for other organisms. Furthermore, it remains to be tested whether the absence of sea urchins in extreme low pH is a result of a physiological intolerance or in response to the changing algal community. Whereas laboratory studies suggest P. lividus is resistant to low pH (43) , studies of other echinoderms have reported sharp reductions in survival below pH 7.0 (44). Fig. 3 . nMDS plots highlighting variation in (A) community structure and (B) patterns of recovery. Distance between points represents differences in (A) the assemblages at 32 mo postdisturbance and (B) the patterns of change through time for each plot for the entire recovery period. Fig. 3B represents differences in the correlation structure between time points for a single plot that are independent of the identity of taxa (i.e., whether recovery itself was similar or variable among plots). Means ± SEM, n = 4. Whereas previous research has suggested that assemblages with high diversity will be more resilient and recover more quickly than less diverse communities (45) , our analyses highlight the most rapid recovery in the extreme low pH assemblages typified by low functional diversity (Fig. 4A ). Whereas this is likely because succession to this simplified state is inherently shorter (Fig. 4B) , our results illustrate how highly impacted assemblages can have very high resilience once in an oversimplified or degraded state. However, acidification is only one aspect of environmental change, and the cumulative impacts of additional press disturbances that affect ecosystem resilience (e.g., warming or overfishing) and pulse disturbances (e.g., storms and pollution events) that will likely co-occur with acidification require further attention (1, 46, 47) .
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In conclusion, our results provide a unique example of how environmentally mediated changes in complex community dynamics could cause ecosystem simplification under projected future environmental conditions. In particular, the patterns in community recovery and grazing in the naturally acidified ecosystem revealed here suggest that one of the most pervasive environmental changes in the ocean could cause a decrease in the patchiness and functional diversity of benthic marine communities. Furthermore, our results suggest that ocean acidification could cause a change in the functional role of calcareous grazers. Changes in the role of large calcareous grazers, such as sea urchins and herbivorous snails that are known to influence community structure in many different marine ecosystems (18, (20) (21) (22) (23) , could have widespread consequences for many ocean ecosystems (17, 18) .
Methods
Field Site. For this experiment, we delineated three pH zones (ambient, low, extreme low pH) at two sites (north and south) that corresponded with the zones used in previous studies (14) . Each zone is ∼30 m long and separated from the other pH zones by 20 m (27) . Carbonate parameters were estimated from pH and temperature measurements taken every hour with in situ sensors (48) that were deployed during the time of this experiment. In the south, separate month-long deployments were made in fall 2009 as well as winter, spring, and fall 2010, whereas deployments were limited to fall 2010 in the north (Table S6 ) (14) . We collected discrete water samples during the sensor deployment following standard operating procedures, and measured dissolved inorganic carbon (UIC automated 5011 coulometer) and total alkalinity (open cell potentiometric titrator), and salinity (Guildline Autosal salinometer) in each sample. We then calculated the pH in the discrete water samples using Seacarb v. 2.3.2 (49) , by applying the temperature measured at the time of the collection, and used this calculated pH value to calibrate the initial readings from the sensors. We then estimated the biogeochemical parameters by assuming a constant total alkalinity and salinity and applying the pH and temperature values measured by the in situ sensors through time (see ref. 14 for more in-depth discussion of methods). Whereas mean pH was predictably lower in winter and spring (during the coldest temperatures), the differences among and the variability within these zones were consistent across seasons (Table S6 ) (14) .
There is high temporal variability in carbonate chemistry and pH near the vents, with highest variability in the extreme low pH zones (14) . Monitoring in other nearshore environments suggest that high variability in carbonate chemistry and pH is a natural feature in other ecosystems as well (48) . Whereas it would be ideal to tease apart the effects of mean changes in the carbonate chemistry from the variability in carbonate chemistry, this is not possible at this site because reductions in mean pH covary with increased pH variability. Results and ecological patterns should be considered in terms of responses to carbonate chemistry/pH regimes (which include variability) rather than to mean estimates of biogeochemical parameters.
Experimental Manipulations. Plots (20 × 20 cm) were cleaned with wire brushes and marked at the corners with epoxy in March 2009 (n = 4 for each pH zone). Brushing removed all sessile macroinvertebrates and algae. Plots were chosen haphazardly in each zone and were separated by at least 3 m. Plots were chosen to have minimal rugosity and were approximately vertical in orientation (95-115°from the bottom substrate) at 1-1.5 m depth. By nature of the site, plots in the north were north-northwest facing, whereas those in the south were south-southeast facing (14) . Although this is likely to result in differences in exposure between sites, significant pH effects were detected above and beyond any site variability (Tables S2-S4 ), suggesting the pH effects are robust to the inherent differences between sites.
Plots were photographed in situ at 0, 1, 3, 6, 14, 20, and 32 mo after the initial clearing. In addition, we took photos of undisturbed plots directly adjacent to clearings (within 10 cm of disturbed plots) in March 2009 (t = 0). Taxa were then identified to the lowest taxonomic resolution possible in photos and then grouped into the nine functional groups, plus a category for bare rock (Table S1 ). Turf and erect algal designations were based on sizes, with turf being less than ∼10 cm tall. Calcareous turf algae were kept separate from erect calcareous algae because of the potential for noncalcareous turfs to be mixed in with the dominant calcareous turfs. Percent cover was estimated with photo analysis software (Vidana v1.1). Because percent cover was estimated from photos, we did not estimate taxa underneath the layers visible in the photos. Whereas this probably reduced our detection of cryptic species, photo quadrats allowed us to nondestructively sample the same plots through time and provide reliable estimates of percent cover of broad functional groups (50) .
Sea Urchin Estimates. We counted and measured all A. lixula and P. lividus with calipers along 20 × 2 m transects that ran through the plots at 1.5-m depth. These transects were resampled in June 2009, May 2010, and October 2009 and 2010. In addition, we counted and measured the vertical and horizontal lengths of all sea urchin grazing halos along the transects. We defined sea urchin halos as areas of substrate devoid of fleshy algae, within 50-cm distance from a sea urchin. We then estimated the area of each halo by assuming the shape of the halos were ellipses and using standard area formulas.
Statistical Analyses. Community structure was estimated by calculating a BC similarity matrix of the square-root transformed percent cover of functional groups in each plot. The BC similarity is calculated as the sum of the differences in percent cover of each functional group between plots divided by the sum of the total percent cover of the functional groups in both plots. The square-root transformation emphasizes the importance of rarer functional groups (e.g., CCA, which is rarely above 5% cover), and the inclusion of bare rock as a category allowed us to define denuded assemblages as completely similar. Variation in the community structure was compared using permutational multivariate analysis of variance (PERMANOVA) with site and pH as fixed factors and type III sums of squares. The permutation routine is a randomization procedure where the factor labels (site and pH) are randomly shuffled among the samples 9,999 times. Each time a new F statistic is calculated, and the probability is calculated as the proportion of the F values that are greater or equal to the observed F statistic. In addition, we performed the same analyses on raw data to understand the role of data transformation on our results. The general results did not differ between the raw and transformed data, and we report the transformed analyses in the text.
Variation in the recovery trajectories (e.g., the pattern of change through time) was compared with a second-stage analysis, which is performed by calculating Spearman correlations between BC similarity matrices of individual plots through time (39) . Significant differences among pH zones in this analysis indicate there are differences in similarities between successive time steps for a particular plot that are independent of the identities of functional groups.
We also compared dispersion of the recovery trajectories and resulting communities with permutational analysis of multivariate dispersions (PERMDISP), which is essentially a nonparametric, multivariate analog of Levene's test for ECOLOGY homogeneity of variance. This was done by calculating the dissimilarities among trajectories or plots and running a principal coordinates analysis (PCoA) on the dissimilarity matrix. We then calculated the centroids for each pH zone based on the PCoA axes and then calculated the Euclidean distance between each plot and the centroid of its pH group. These distances are then treated as univariate variables for statistical tests. Recovery was estimated by plotting the mean similarities between all plots in each site × pH zone with reference undisturbed plots from the same site × pH zone from March 2009 ( Fig. 4) . We also created an nMDS ordination of each of the plots through time. We then calculated the distance traveled in 2D nMDS space of each plot between subsequent time points (41) . These distances were summed to estimate the mean distance traveled in nMDS space over 32 mo of recovery, which could be used as an univariate estimate of the amount of change through time.
Variation in the abundance and size of sea urchins (both A. lixula and P. lividus separately) as well as the number and total area of sea urchin halos was tested with ANOVA with repeated measures, with site and pH zone as fixed factors, excluding extreme low pH from the analyses. GG-corrected P values were used for repeated measures. For all sea urchin analyses, the site factor was highly nonsignificant (P = 0.31-0.98) and was thus removed from the analyses to increase our power to detect differences between pH zones. The significance of the P value did not change in the tests of abundance or size for either sea urchin species with the removal of the site factor, but did change in the analyses of halos. Univariate repeated measures ANOVA were performed in Systat 11.
With the exception of RM-ANOVA, differences among univariate variables were tested with permutation-based ANOVA due to heterogeneity of variance. P values were generated by 9,999 permutations of the raw data (i.e., samples were randomly reassigned to the factors to create an F distribution that the observed F statistic is tested against). All permutation-based analyses were performed with PRIMER v6.
